In Bangladesh, arsenic contamination of groundwater, microbial contamination of surface water and seasonally variable rainfall make reliable access to acceptable quality drinking water a challenge. AIRPs removed 87% of influent arsenic, on average. After cleaning, poor arsenic and iron removal was observed for about 2 days due to inadequate residence time. Chemical processes that may influence AIRP performance are also discussed herein, including iron and arsenic oxidation, arsenic co-precipitation with iron, multiple iron additions, interference by organics, and iron crystallization.
INTRODUCTION
Reliable access to drinking water of an acceptable quality is one of many challenges facing Bangladesh, which ranked 146th of 182 countries on the Human Development Index (UNDP ). Historically, sources such as surface water, ponds, and dug wells were used for drinking water, but a high prevalence of diarrhoeal diseases led to a transition to groundwater use. The installation of shallow tubewells, beginning in the 1970s, to obtain microbially safe drinking water, was initially deemed a major success but has since been tarnished by the discovery of arsenic in groundwater at high concentrations across much of the country. Regular flooding and the annual cycle of monsoons and drought further complicate reliable access to good quality drinking water.
The shift of drinking water sources, initiated in the 1970s by international organizations, from surface water to arsenic-contaminated groundwater, has been referred to as 'the largest mass poisoning of a population in history' (Smith, quoted in WHO ). Ten million tubewells were installed across the country before arsenic testing (Sambu & Wilson ) . It is reported that 97% of rural Bangladeshis now obtain drinking water from groundwater (NAISU Though high iron is not a health concern, many users desire iron removal because iron imparts taste and colour to water and food.
The Society for People's Action in Change and Equity exist mostly as Fe(II) and arsenic as As(III). Iron naturally in the water is oxidized through aeration and subsequently precipitates in the aeration tank. Arsenic co-precipitates with the iron. Co-precipitation refers to the process of adsorption that occurs as solid precipitates are forming, rather than adsorption to precipitates that have already formed. In the field experiments described herein, this oxidation and precipitation of iron was observed to occur in minutes upon entering the aeration tank. Following precipitation, ageing for 2-4 h is reportedly necessary to stabilize the suspensions (Jambor & Dutrizac ) . Settling takes much longer, and is on the order of several hours.
Water leaves the aeration tank through the connecting pipe at the bottom of the tank, and passes into the upflow filtration tank. Iron, and co-precipitated arsenic, is removed both by settling in the aeration tank and filtration in the filtration tank. The filter (Figure 3 ) comprises brick chips, charcoal, and sand. The brick chip layer is about 12 cm thick, the charcoal about 4 cm and the sand about 8 cm.
Brick chips provide coarse filtration, and lengthen the flow path which improves flocculation (Ahmed ). Charcoal is used to remove organics, and sand is used for fine filtration.
AIRPs are particularly suited for use in areas with high natural iron because natural iron would clog many other types of arsenic-removal filter quickly, many users desire iron removal because iron imparts taste and colour to water and food, and the existence of natural iron in solution 
METHODS
Field sampling was conducted between October and December 2009. To assess arsenic removal, 21 AIRPs were tested.
Initially, eight AIRPs were selected based on location; the study area was divided into eight geographic regions and one site from each was randomly selected. Influent and effluent samples for arsenic and iron were taken at all eight sites, at least once. Upon completing testing at these eight sites, influent and effluent samples were collected from another 13 AIRPs, selected based on suspected high arsenic in the raw water.
At four of the eight sites tested initially, samples were collected a second time (sites 16, 7, 53, and 42) . The second sampling event at these four sites involved sample collection at the influent, the aeration tank (at approximately 30 cm depth), the bottom of the filtration tank (at the valve), and the effluent. Sampling locations are shown in Figure 4 . The aeration tank and filtration tank samples (locations 2 and 3) were filtered through filter paper to remove iron precipitates and any co-precipitated ions.
Both unfiltered and filtered aeration tank samples and filtration tank samples were analysed. These extra sampling locations were included to provide insight into the kinetics and mechanisms of arsenic removal.
Cleaning cycle experiment
At one of these four sites sampled a second time (site 16), additional testing was performed throughout a cleaning cycle to observe the effect of cleaning on AIRP performance.
Samples were collected before cleaning, immediately after cleaning, and then 1 day, 3 days, and 8 days after cleaning.
Again, samples were collected at the influent, aeration tank (filtered and unfiltered samples), filtration tank (filtered and unfiltered samples), and effluent.
PVC elbow experiment
In the standard design of AIRPs the connecting pipe is at the very bottom of the aeration tank. At another of these four sites sampled a second time (site 7), a polyvinyl chloride (PVC) elbow (diameter about 4.5 cm; Figure 5 ) was inserted into the connecting pipe, such that the bottom of the elbow inlet was about 8 cm above the bottom of the aeration tank, to reduce the movement of settled iron particles into the filtration tank. Samples were collected before and after installation of this elbow to observe the impact on AIRP arsenic removal efficiency.
Batch experiment
A batch experiment was also conducted at site 7 to gauge the rate of iron precipitation and arsenic co-precipitation. First, a number of 500 mL plastic sample bottles were filled to the top with aerated influent water. At given time intervals, the water was filtered and then tested for arsenic and iron.
Initially, the containers were left open to the atmosphere.
After 4.5 h the lids were closed and the containers were mixed approximately once each 2 h to simulate iron precipitates moving through the water, as would occur in an actual AIRP. There were a few notable differences between this batch test and field conditions. Firstly, settling time was much shorter in the batch test, owing to the smaller settling depth. Secondly, in the field, water in the aeration tank was not well mixed, but would have been influenced by the addition of new water. As new water was added, more precipitates would have formed and settled, potentially removing dissolved arsenic at lower depths.
Analysis
Temperature, pH and oxidation-reduction potential (ORP)
were measured in situ for each sampling location with fieldlevel probes. For each sample location (influent, aeration tank unfiltered, aeration tank filtered, filtration tank filtered, filtration tank unfiltered, and effluent) two samples were acid-preserved in 100 mL plastic sample bottles for later analysis in Dhaka. One of these was used to test arsenic, the other iron. A third sample at each location was collected in a 100 mL glass sample bottle, was not acid-preserved, and was used to analyse orthophosphate on a Hach DR 2400 Spectropho- Sample blanks, reagent blanks, duplicate readings, and calibration against standard solutions were used for quality control.
All orthophosphate tests were done in duplicate. Some iron and arsenic duplicate tests were done; however, because of cost, most samples were just tested once. Two samples were taken at the same sampling location on five different occasions to observe the differences sampling techniques have on results. BUET lab technicians (and subsequent observations) that coliform groups lost their colour after this time and were difficult to count. The filter-holding assemblies were not autoclaved, but rather cleaned with alcohol between samples. Plates were also sometimes re-used, after cleaning with acid, followed by cleaning with alcohol. Sample bottles were plastic, and were sterilized by soaking in boiling water. Pipette tips were also sterilized in boiling water.
Ice, frozen after being boiled, was used to cool samples between the time of collection and analysis, which was within 9 h. Distilled water was used as rinse water and was coliform-free.
RESULTS AND DISCUSSION
Influent pH ranged from 6.6 to 7.3, ORP ranged from À146
to À76 
AIRP removal efficiencies
AIRP removal efficiencies are listed in Table 2 . Iron removal was quite high, averaging 98%. Arsenic and orthophosphate removal were similar, averaging 87 and 89%, respectively.
The 99% confidence interval for the mean arsenic removal efficiency is 87 ± 5%. One data point was removed when 
Cleaning cycle experiment results
Some of the variability in arsenic removal performance shown in Figure 6 could be a result of the natural changes in performance over a cleaning cycle. Site 16 was sampled immediately before cleaning, immediately after cleaning, and on Days 1, 3, and 8 after cleaning. The sample collected before cleaning was assumed to be 21 days after the previous cleaning; owners reported that they typically clean their AIRP every 3-4 weeks. This trend was also seen in the effluent, although the concentration increase just before cleaning was less pronounced; the effect of an increase in iron in the aeration tank and filtration tank was diminished across the filter. This suggests breakthrough had not occurred and there was some other process at work. Although only one cleaning cycle was Filtered samples were passed through filter paper to remove precipitated iron, and hence any co-precipitated arsenic and orthophosphate (see Figure 7 for abbreviations). This process may have occurred in the AIRP and caused the dissolution of both iron and adsorbed anions. The timescale of this transformation is difficult to pinpoint, though is expected to be on the order of months, rather than 8 days.
Alternatively, reducing conditions may have developed in at various locations in the system, causing iron and arsenic to re-dissolve. Reducing conditions could have been created as a result of biological activity, particularly in the sand filter. At the bottom of the tanks burying of precipitates could lead to reducing conditions. An ORP profile through the system would therefore be valuable.
PVC elbow experiment results
Site 7, where the elbow was installed in the connecting pipe between the aeration tank and filtration tank, was the site at which 60% arsenic removal was observed in the initial round of testing. Cleaning was performed 7-10 days prior to testing the first time, and cleaning was performed 6 days prior to testing after elbow installation. Influent arsenic at this site was 97 μg L À1 , iron was 5.6 mg L À1 and orthophosphate was 3.7 mg L
À1
. After insertion of the PVC elbow ( Figure 5 ), 67% removal was observed. This improved arsenic removal efficiency was coupled with decreased orthophosphate removal efficiency (96% to 77%). Differences in arsenic and orthophosphate results were also apparent in the aeration tank. In the aeration tank, 70% of arsenic had co-precipitated in the tests done with the elbow, compared to 44% without the elbow, and only 80% of orthophosphate had co-precipitated in tests done with the elbow, compared to 96% without the elbow. However, this was only one test at one site, so general conclusions are not possible.
If the presence of organics did in fact lead to the initial poor performance of this AIRP (60% removal efficiency), oxidation of these organics at the bottom of the aeration tank could reduce Fe(III) to Fe(II) and re-dissolve iron, along with co-precipitated arsenic and orthophosphate. As these processes would likely occur at the bottom of the aeration tank, raising the connecting pipe would have led to a higher chance that iron flocs settling in the aeration tank adsorbed some of these ions, thereby improving removal.
However, reasons for decreased orthophosphate removal efficiency with the elbow are still unexplained by such a process, as are differences in the aeration tank results. These differences could be a result of events out of our control: perhaps the source water organics levels had changed, or users had changed their habits of AIRP use.
Batch experiment results
Observed AIRP removal efficiencies were much higher than the removal efficiency measured in the batch experiment conducted at site 7 on aerated influent. In the batch study, 
Microbiological results
The performance of AIRPs with respect to arsenic has been discussed above. It is important to consider the microbial performance of AIRPs as well. Results of microbiological tests are presented in Table 3 . Samples collected aseptically were taken after applying alcohol to the tap, and burning it with a flame. Influent samples were collected directly from the tubewell (or the hose attached to an electric pump, if used) while effluent samples were collected from the AIRP tap. The faecal coliform counts from a pond are shown for comparison, as this pond was an alternative drinking water source used by some households in one village.
Influent samples were generally low in faecal coliforms (<4 CFU/100 mL), although still above the WHO guideline and Bangladesh standard of <1 CFU/100 mL. Results for faecal coliforms in influent samples were found to be less than the detection limit of 1 CFU/100 mL five times out of eleven. At three of those five sites, however, faecal coliforms were present when tested on another occasion. Site 77 on one occasion had a high influent count of 61 CFU/100 mL.
Faecal coliform counts generally increased from influent to effluent (normal sample collection), by anywhere from 0 to 22 CFU/100 mL, except at site 77. At this site, faecal coliform counts were high in the influent during the first visit (61 CFU/100 mL), and decreased throughout the AIRP (to 51 CFU/100 mL). During the second visit, influent counts were low (0 CFU/100 mL), and effluent counts were high (145 CFU/100 mL). The owners of the AIRP at site 77 did not use their AIRP regularly, which was uncommon for AIRP owners. Due to high coliform counts and high variability between sampling events, it is believed that contamination was caused by users at this site. Faecal coliform results depend on hygiene, and whether users touch the tap outlet when taking water. Table 3 shows that some microbial contamination was introduced in the AIRP itself, as effects of the user at the tap were eliminated through aseptically collecting effluent samples. The increase in total coliforms between influent samples collected without alcohol and flame sterilization and effluent samples collected aseptically further support this conclusion. Microbial contamination could have been introduced through handling of the sand when cleaning.
After cleaning AIRPs, owners sometimes poured hot water on the sand, but this was likely insufficient to kill all coliforms, if present.
Despite this increase in faecal coliforms through the AIRP, the average effluent faecal coliform counts remained low; the average effluent count was 6 CFU/100 mL, and the average influent count was 1 CFU/100 mL (excluding site 77).
This can be compared with the pond sample (1,120 CFU/ 100 mL faecal coliforms), where some households got drinking water in one of the villages visited.
Overall, the AIRPs studied were very well maintained, and users were capable of the prescribed maintenance procedures. However, educating users on the importance of avoiding touching the tap, and hand washing prior to cleaning the AIRP, may decrease effluent faecal coliform counts. AIRPs were able to remove, on average, 87% of influent arsenic. The standard deviation of arsenic removal efficiency among 20 AIRPs (one AIRP with 1 μg L À1 influent was ignored for statistics purposes) was 8%. Only low correlations were found between arsenic removal efficiencies and iron to arsenic ratios, iron concentrations, and arsenic concentrations. This is believed to be a result of abundant natural iron in the influent water, resulting in adequate adsorption sites.
CONCLUSIONS
All 21 sites exhibited greater than 80% removal of arsenic except two; one had 77% removal and the other 60%. At the site with 60% removal (site 7), organics may have played a role in influencing iron flocculation and settling, arsenic oxidation, and/or re-dissolution of iron and co-precipitated ions.
Low dissolved oxygen in the effluent provides support for this theory. Elevating the connecting pipe at this site (site 7)
showed a slight improvement in arsenic removal efficiency (67% removal) on one sampling occasion. 
